Anodization techniques by alternating current (ac) are introduced in this review. By using ac anodization, laminated alumina films are fabricated. Different types of alumina films consisting of 50-200 nm layers were obtained by varying both the ac power supply and the electrolyte. The total film thickness increased with an increase in the total charge transferred. The thickness of the individual layers increased with the ac voltage; however, the anodization time had little effect on the film thickness. The laminated alumina films resembled the nacre structure of shells, and the different morphologies exhibited by bivalves and spiral shells could be replicated by controlling the rate of increase of the applied potentials.
Introduction
Anodic aluminum oxide (AAO) films with vertically oriented cylindrical pores are usually fabricated by the electric fieldassisted oxidation of aluminum (Al) in acidic electrolytes [1, 2] . The schematic model shown in figure 1 illustrates the arrangement of single-pore-containing units known as cells, called porous anodic alumina (PAA). The sizes and spacing of the pores in the films can be controlled with nanoscale precision by varying the anodization parameters, resulting in very deep nanopores with high aspect ratios. The pores were formed naturally as ordered hexagonal cells as shown in figure 1 under appropriate conditions [2] [3] [4] [5] [6] [7] .
PAA films have been used as templates or host materials in the fabrication of various nanostructures such as nanowires/rods [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , nanotubes [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] and nanoporous films [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . These products have been utilized in a variety of promising applications such as magnetic recording media [9-16, 33, 34] , thermoelectric materials [17, 18] , optical materials [20-22, 48, 49] , sensors [23] [24] [25] 35] , energy storage [25, 26, 36, 37, 50] , photocatalysis [27, 51, 52] , photovoltaic devices [28, 29] and biomaterials [53] [54] [55] [56] .
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For applications of nanomaterials prepared from PAA, it is important to control the arrangement and morphology of the pores. The pore size of PAA is known to be controlled by pore widening treatment, where the pores are subjected to chemical etching, resulting in pores with various sizes. By using repeated anodization coupled with a pore widening treatment, tapered holes could be obtained as shown in figure 2(a) [57] [58] [59] [60] . The tapered holes are useful to modify the polymer surface by filling the polymers, which are applicable for anti-reflection [57] , and can form metal nanocones by metal plating techniques as shown in figure 2(b) [58] [59] [60] .
Some researchers have developed pores with complex three-dimensional (3D) morphologies. Krishnan and Thompson [61] reported a 3D nanoporous alumina structure with stepped pore diameters increasing from 55 to 85 nm or decreasing from 85 to 55 nm through a two-step anodization, assisted by an interface lithography process. Ho et al [62] fabricated a multi-tiered branched PAA film consisting of an array of big pores branching into two to four smaller pores in succeeding tiers, which was realized by sequentially stepping down the anodization potential while etching of the barrier layer is performed after each step. Recently, several groups reported the fabrication of 3D PAA films with shaped pore geometries in periodically changed pore diameters through methods called 'cyclic anodization' by Losic et al [63, 64] , and 'pulsed anodization' and 'oscillated anodization' by Lee et al [65, 66] in which pulsed or oscillated current signals, instead of constant current as in conventional anodization, were applied to the Al substrates program-controllably or spontaneously. More recently, Meng and co-workers [67, 68] and Zaraska et al [69] attempted to produce hierarchical PAA films with root-like pore channels by reducing the anodizing voltage in a factor of 1/ √ n ratio (n = 2, 3) to increase the pore cell numbers. Katsuta et al [70] demonstrated that 3D nanostructured porous alumina film, which consisted of two layers with cell diameter sizes of 340 nm φ and 640 nm φ (figure 3), on a glass substrate exhibiting an angle-insensitive optical transmission property.
Wada et al [71] reported the preparation of films with a laminated structure via the application of a high ac voltage. Most studies on the fabrication of AAO films have focused on direct current (dc) methods, with alternating current (ac) methods receiving scant attention. In particular, few reports concern ac anodization, and most of them describe the formation of thick films in which the pores were not hexagonal, in contrast to dc films [72, 73] . Graeve et al [74] recently reported the fabrication of ac AAO films that had a porous structure similar to that of films with pores prepared by short dc treatments. There are no reports about the formation of laminated structures as shown by Wada et al [71] , thus we focus on the laminated structure prepared by ac anodization in this review.
Ac anodization
Metal surfaces are exposed to both anodic and cathodic reactions during ac electrochemical processes, which include ac electrodeposition, ac electrochemical etching such as machining [75] and ac electrograining [76] [77] [78] [79] [80] [81] [82] [83] [84] and ac anodization [71-74, 85, 86] . Electrodeposition is widely used to insert metals in pores such as PAA prepared by dc anodization as mentioned above. Both ac and dc electrodeposition have been used; however, it is easier to control the growth of the metal with ac than with dc. In ac electrochemical etching, surfaces are etched by anode and cathode reactions. In particular, ac machining can form very fine tips for scanning tunneling microscopy by the etching process. In this process, the generation of hydrogen gas was essential to machine very fine tips, because the gas formed bubbles around the metal wire which moved upward along the metal surface. In electrograining, a pitted morphology can be formed on an aluminum surface, which is required for low-voltage electrolytic capacitors [76] [77] [78] [79] [80] [81] [82] [83] [84] [87] [88] [89] [90] [91] .
In ac anodization, protective metal oxide layers are fabricated. For all ac processes, the metals are known to be dissolved by etching during the anodic half-cycle. Metal dissolution can also be accomplished by simple dc; however, the difference between ac and dc dissolution processes is the reduction of solution species (typically H + to H 2 ) during the cathodic half-cycle. The evolution of hydrogen gas distinguishes ac processes from dc processes.
The role of the cathodic half-cycle in the ac etch process has been explained in terms of (i) the formation of a precipitated aluminum oxyhydrate 'etch film' due to the increase in the local pH during the cathodic half-cycle [76, 91] ; (ii) the hydration of the surface oxide film [92] [93] [94] ; or (iii) the mechanical deterioration of the surface oxide film due to hydrogen gas generation [95] [96] [97] . In ac electrograining, Dyer and Alwitt [91] proposed a pit-on-pit propagation mode. Cubic etch pits, newly formed during the anodic half-cycle, are covered with the etch film, which is formed during the following cathodic half-cycle. The next pit is initiated during the next anodic half cycle at a weak point in the etch film at the pit base, and grows by undercutting the pre-existing etch film until a new etch film is formed in the next cathodic half-cycle. Recently, Ono and Habazaki [98] investigated the role of the cathodic half-cycle by measurement of electrostatic capacitance as an etch factor. The amount of the etch film (i.e. the sum of aluminum oxyhydroxide and aluminum oxide) was related to the etch factor independently of the wave functions. However, it was found that the cathodic half-cycle was not a crucial factor in the development of an etched layer. Hammons et al investigated the transport of formed H 2 gas [99] through Al(OH) 3 gels formed on an Al surface [100] . It was found that gas permeation occurred through collapsible pores, and affected the pit morphology.
The morphology resulting from ac anodization has been investigated, and the surfaces were found to have small pores and cells [73, 74, 85] . The structures were similar to those prepared by dc anodization at the early stage [74] ; however, those shapes were not retained after extended or high-voltage anodization [73] . The composition of the film prepared in sulfuric acid was estimated and the sulfur content was not related to the anodizing conditions [85, 101] . The effects of current density or potential and electrolyte temperature and concentration on film growth were also investigated [102] . The thickness of the films increased as the reaction time increased [72, 86] , but the hardness decreased with the anodization time because the porosity increased [86] . Kape [72] reported that the thickness of anodic films prepared by the ac process could exceed 1 µm depending on the anodization time. However, the morphologies of thick films prepared by ac have not been well characterized. Wada et al [71] investigated thick films prepared by ac anodization and reported the formation of laminated layer structures similar to that of shell nacre, but further investigations have not been performed. The morphological effects of anodization conditions such as the electrolyte identity and applied voltage have not been investigated.
Formation of laminated alumina films
Recently, Segawa et al [103, 104] investigated the formation of laminated films by ac anodization. For the preparation, high-purity aluminum sheets (99.99%, 10 mm × 40 mm × 1 mm, Wako Pure Chemical Industry, Ltd, Osaka, Japan) were used as samples. Anodization was performed using electrolyte solutions of sulfuric acid (>96%), oxalic acid (H 2 C 2 O 4 · 2H 2 O, >99.5%), phosphoric acid (>85%) or citric acid (C 6 H 8 O 7 · H 2 O, >99.5%), purchased from Kanto Chemical Co., Inc., Tokyo, Japan. To understand the influence of pH on the formation of the laminate structure, the concentration of the electrolyte solution was varied from 0.0375 to 0.3 mol l −1 . For all other purposes, the concentration of the electrolyte solution was fixed at 0.3 mol l −1 . A powerful cooling system (Cool-Line, CLH300, Yamato Scientific Co., Ltd, Tokyo, Japan) and a large electrolysis cell (1 l) were employed to maintain the solutions at 12
• C. A platinum sheet was used as the counter-electrode. All anodization trials were conducted by applying a dc voltage of 25 V for 20 s, to avoid exfoliation and errors due to dielectric breakdown. The ac power was subsequently applied and the ac voltage (V) was raised at a rate of 2 V s −1 , and that voltage was maintained thereafter. The time elapsed between turning on the dc supply and turning off the ac supply was considered to be the anodization time (t). The waveform of the ac power was typically a sine wave with a frequency of 50 Hz. The ac voltage, V, represents the effective voltage of the sine wave, and the voltage applied √ 2V at the maximum. Both ac and dc power were generated by a power supply (Kikusui Electronics Corp., Yokohama, Japan, PCR500M 270 V/2.5 A) that was connected to a computer to control variations in voltage and current during the anodization. -2), respectively. Laminated films were formed parallel to the underlying aluminum sheet and remained adhered to the sheet after the completion of the anodization process. Although the SEM images of the whole films appeared to show the alumina film layers peeling from the aluminum sheet, this was due to SEM sample preparation. In each laminated layer, the top surface depended on the electrolyte, but the bottom surface had small wave-like structures which were similar to those of the barrier layers noticed in the films prepared by dc anodization. The structures of the samples laminated in sulfuric acid and oxalic acid were similar in appearance, with layers stacked in close proximity. Each layer was composed of a surface portion that exhibited numerous pores (more appropriately called pre-pores) with diameters of approximately 8 nm in sulfuric acid and 9 nm in oxalic acid, and a lower solid portion with no pores. In the case of samples treated in phosphoric acid, the bulk film was composed of two distinguishable regions: one was smooth and the other was rough, and the spacing between the layers was greater than the others ( figure 4(b-1) ). As seen in figure 4(b-2), these layers were not homogeneous, but rather, consisted of rough segments with numerous pores approximately 12 nm in diameter. This morphology was similar to the interface between the pores and oxides formed by dc anodization [106] . Considering the difference in the thickness between the rough and smooth segments, the latter appeared to have been formed by the disappearance of pores. It was not possible to confirm that laminated layers were formed in the case of samples processed in citric acid solution for 300 s between 120 and 210 V. From the images of the whole films, the total number of layers in the film did not correspond to the number of anodic half-cycles, which occurred at 50 cycles s −1 . This means that film formation did not occur in each of the anodic half-cycles, but rather, after repeated reaction. Figure 5 shows plots of the average thicknesses of the all the layers versus different ac voltages over an anodization time of 300 s. The layer thicknesses increased linearly with the ac voltage. The thickness of the film prepared using phosphoric acid was lower than those of the other films, and the slope of its curve was 0.85, and similarly reduced. The films prepared using sulfuric and oxalic acids were very similar in thickness (within experimental error) and were not affected by the electrolyte concentrations. The slopes of the curves for these films were also similar and ranged from 1.59 to 1.86, with an average of 1.68. As mentioned above, the bottom surfaces of the layers were similar to those of the barrier layers observed in films prepared by dc anodization; however, the top surfaces of the layers had pre-pores, as could be seen from their SEM images. The thicknesses of the layers were measured by considering both the pre-pore-free and pre-pore-containing segments, for the films prepared using sulfuric and oxalic acids. This was because every layer had pre-pore-free and pre-pore-containing segments and it was difficult to measure the thicknesses of the segments that contained pre-pores. However, in the case of the film prepared using phosphoric acid, only the thickness of the barrier layer was measured. Thus, the thickness of the film fabricated using phosphoric acid was lower than those of the others. In a previous study on dc anodization, the anodization rate of the barrier layer was found to be about 1.3 nm V −1 [107] . If each layer of the ac-anodized films is assumed to be composed of a layer similar to the barrier layer of the dc-treated samples, the slope of the anodization rate would be 1.3 √ 2. This is because the ac voltage used in this paper represents the effective voltage, and the maximum voltage is √ 2 times larger. As can be seen from this figure, the average of the slopes, 1.68, was close to 1.3 √ 2. However, in the case of the film fabricated using phosphoric acid, the slope was smaller than 1.3 √ 2. This suggests that the barrier layer was dissolved in the acid as well as the porous segments with the pre-pores, resulting in the reduced thickness compared to the other films. That the slope of the film fabricated using phosphoric acid was small implied that the dissolution rate of the porous segment and the barrier layer increased with an increase in the anodization voltage. It was found that the dissolution of the pre-pore-containing segments affected the thickness of the layer. For all the applied voltages except 10 V, the current increased drastically at 25 s after the start of the ac treatment, reached a maximum value, and then decreased. Further, the maximum current increased and the rate at which the current decreased from its maximum value also was reduced with an increase in the applied voltage. In the case of applied voltages of 15 and 20 V, after decreasing, the currents leveled off. For applied voltages of 30, 40 and 50 V, the current increased gradually again before finally decreasing gradually. For the 10 V applied voltage, the current increased gradually for approximately 140 s and then leveled. Overall, the current increased with an increase in the applied voltage. This demonstrated that high anodization voltages induced high anodization currents, resulting in increased charge transfer during the anodization process. As can be seen from figure 6(b), the structures of the synthesized films depended on the voltage applied. Films consisting of laminated layers were obtained at voltages greater than 30 V. The films prepared at 10, 15 and 20 V were porous and did not have laminated structures. The thicknesses of the films increased with an increase in the applied voltage. In particular, the film prepared at 20 V contained vertical pores and had a structure similar to that reported previously for films prepared by ac anodization [73] . These films had nanopores and resembled PAA films prepared by a dc treatment; however, the inner surfaces of the pores were not smooth. The walls of the pores in the film prepared at 20 V also looked as if they had been etched. These images suggested that the formation of films with laminated structures requires voltages greater than 20 V. It was found that the film formed at 20 V consisted of only one layer after an anodization time of 300 s, and multiple, laminated layers were not formed completely even with an increase of the anodization time to 600 s. Thus, it can be inferred that the laminated structure is formed when the amount of charge transferred is enough for the formation of multiple layers.
The amount of charge transferred during the anodization process could be calculated by integrating the current curves shown in figure 6 (a-2) with respect to time. As can be seen from figure 6(a-2) , the currents for all the applied voltages increased dramatically early in the anodization process and became constant after a while. As a result, the charge transferred was almost proportional to the anodization time. Figure 7 shows the total thicknesses of the films with laminated structures plotted against the charge per unit area of the films. The overall thicknesses were approximately proportional to the total charge. That the values were distributed might be a result of minor factors such as the differences in the maximum currents or rates of decrease of the voltage. It is known to change the wave functions because of the generation of hydrogen gas during the ac anodization process; this affects the current curves [84, 95] . The changes in the waveform of the current curves due to hydrogen gas also affect the amount of charge transferred; however, these factors were not considered at this stage because the effect of the waveform on the total overall charge transferred was assumed to be quite small.
Formation mechanism of laminated structures by ac anodization
On the basis of these results, we propose the following mechanism for the formation of the laminated structure observed in the alumina films grown via ac anodization. At the anode, alumina is formed by the oxidation of aluminum in the same manner as occurs during anodic dc oxidation
During the early stages of dc anodization, numerous small-diameter pre-pores are known to form on the surface of the growing alumina film. Generally, over time, these prepores decrease in number, and the diameters of the pre-pores that remain increase. This results in the formation of nanoholes [108, 109] . It has been reported that the formation of both pre-pores and nanoholes can be controlled by controlling the experimental conditions [106] . Some of these pre-pores increase in size and become holes. The sizes of these holes are typically 12 nm in the case of sulfuric acid [1] , approximately 25 nm in the case of oxalic acid [109] and 33 nm in the case of phosphoric acid [1] . The pre-pores are enlarged owing to the dissolution of the alumina in the acidic electrolyte.
During the cathode reaction, hydrogen is generated at the surface of the aluminum sheet. The two possible reactions for the formation of hydrogen are as follows:
It is likely that H + ions or H 2 O are transported across the alumina film through weak spots such as pores and flaw sites [74, 110] and reduced to hydrogen at the interface between the alumina layer and the aluminum sheet. It is also possible that the H + ions are reduced more readily (reaction (2)) when their concentrations are high. However, considering that the standard electrode potential of reaction (3) is −0.828 V, a value lower than that for reaction (2) , which is 0 V [111] , reaction (3) would occur more readily than reaction (2) . At the same time, the OH − ions react with the Al ions formed during the anode reaction (equation (1)). This results in the chemical etching of the alumina film at the weak spots via the reaction given below:
Hence, the pH does not change in this reaction. It is also possible that the OH − ions react with H + ions as follows:
When the cathode reaction is repeated, the generated hydrogen increases the pressure at the interface between the alumina film and the Al sheet, resulting in the exfoliation of the alumina film from the surface of the aluminum sheet and the liberation of hydrogen gas. After the anode and cathode reactions have occurred numerous times, the alumina film separates completely.
Following the exfoliation of the top layer, the freshly exposed surface is anodized again and new alumina layers are formed via the same process. Once the second layer has formed, the layers beneath it peel off from the aluminum sheet when the thickness of the layer reaches a value on the order of 50-200 nm, and a new layer is formed.
The second and third layers were formed approximately 10 s after the growth of the top layer. This suggests that the alumina films were not formed through a single anode reaction (i.e. in 1/50 s) but grew over a number of instances of the reaction. We intend to study the mechanism in greater detail by employing ac frequencies other than 50 Hz.
In the case of dc anodization, the thickness of the barrier layer is proportional to the applied voltage and their ratio is usually called the anodization ratio; this parameter depends on the electrolyte used. In the alumina film, ionic conduction is predominant and the film is formed according to reaction (1), although both electrons and ions are involved in conduction at high electric fields. Hence, the thickness of the barrier layer is dependent on and proportional to the dc voltage [107] . Similarly, it can also be concluded that the thicknesses of the individual layers are proportional to the ac voltage during the ac anodization process.
Biomimetic formation of nacre structure of shells by ac anodization
The laminated layer structures fabricated by ac anodization resembled tiled aragonite and were similar to the nacre produced by shells. In recent years, the mimetic construction of natural biogenic structures has attracted significant interest and inspired new knowledge [112] [113] [114] [115] . Nacre structures, which have periodic bricks-and-mortar arrangements, are also of interest because of their high mechanical strength and unusual, structurally induced optical properties [113, 116, 117] . Thus, the large-scale preparation of artificial nacre structures has become a research focus. The tiled aragonite structure in nacre is formed by CaCO 3 , which is observed in most shells, and several attempts have been made to prepare nacre structures from this mineral [118] [119] [120] . However, it is difficult to prepare CaCO 3 , and thus, various structural substitutes have been proposed, including clay platelets such as montmorillonite [121] [122] [123] and Al 2 O 3 [124] , graphene or graphene oxide sheets [125, 126] , metal oxide nanosheets [127] and layered double-hydroxide platelets [128] . Our data suggested that ac anodization might be a plausible technique to prepare nacre structures from alumina. In detail, the nacre structures may be distinguished into two types: a tiled structure with a smooth surface observed in bivalves, and a tiled structure with terraced cones observed in spiral shells. The terraced cones are observed in the spiral-shaped shells of abalones [129] [130] [131] or gastropods [132] .
From ac anodization, laminated structures were obtained which resembled the flat tile structures (described above). Laminated structures with terraced cones could also be fabricated by controlling the anodization conditions. for the films in (a) and (c), and 1 V s −1 for the films in (b) and (d). The total thickness increased with increases in the concentration of sulfuric acid and the rate of increase, because the amount of charge transferred increased. When the concentration was 0.75 mol l −1 , the thickness of the top layer, which contained perpendicular, columnar structures, was greater than those of the layers formed at 0.1 mol l −1 . In particular, the top layer was much thicker when the rate of increase was 0.1 V s −1 , as shown in (c). Furthermore, the sample shown in (c) had a laminated structure with terraced cones, which represent the convex interface between the laminated portion and the columnar portion. These structures were similar to those observed in the spiral-shaped shells of abalones [129] [130] [131] and gastropods [132] . A magnified SEM image of a terraced cone showed that partial, laminated layers were formed in the higher portions of the cone. As mentioned, the top layer was formed first, and the laminated layers were formed next. During the formation of the laminated layers, the terraced cones started to form more readily in the portions of the laminated structure that corresponded to nanopores or flaw sites [74, 110] than in the other regions.
µm
3 µm The formation of the terraced cones took place in sulfuric acid solutions with concentrations higher than 0.6 mol l −1 for voltage increase rates lower than 0.2 V s −1 . When the concentration was greater than 0.9 mol l −1 , the alumina film was exfoliated from the aluminum sheet, and the voltage could not be applied. This suggested that the concentration of sulfuric acid and the rate of increase of the voltage affected the formation of the terraced cones. In particular, the thickness of the top layer increased for lower rates of voltage increase, and the terraced cones were formed when the thickness of the top layer was more than 2 µm. This means that the nanopores or flaw sites were limited in their ability to allow hydrogen molecules to pass as the top layer increased in thickness, and the formation of the laminated structure started at these sites with limited permeability.
Conclusions
Ac anodization techniques of aluminum sheets were introduced in this review. Laminated alumina films could be fabricated via an ac anodization process. The morphologies of the films were affected by the applied potential, which depended on the nature of the electrolyte. The overall thicknesses of these alumina films increased as the total applied charge was raised, and the individual layer thickness also increased with the applied ac voltage, although it showed very little variation with respect to changes in the anodization time. Based on these results, the process involved in layer formation was proposed. The early stage of this proposed process involved the formation of an alumina barrier layer via the anode reaction, similar to the dc anodization process. Subsequently, hydrogen gas was generated, the alumina layer separated from the bulk aluminum, and anodic oxidation restarted over the freshly exposed surface.
The laminated layers were similar in structure to nacre, and ac anodization has potential in biomineralization. Two types of nacre structures are known. Differences in structure were demonstrated by controlling the rate of increase of the applied potential. Thus, laminated structures with terraced cones, which resemble the nacre structures observed in spiral shells, were obtained when the voltage rate increase was slow and the top layer was thicker than 2 µm.
